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Abstract
Physiological limits of non-native species to environmental factors are critical for their establishment and spread
in the adventive range. The crapemyrtle bark scale, Acanthococcus lagerstroemiae (Kuwana), is a major pest of
crapemyrtles. Despite concerns on its rapid spread, there is a lack of information on potential distribution range of
this scale in the United States. To understand this scale’s distribution potential, its thermal tolerance was evaluated
using higher and lower thermal limits. Exposure time leading to 50 and 90% mortality (Lt50 and Lt90) at extreme low
or high temperatures were measured under controlled conditions. A model was then built to fit temperature data
of cold fronts from 2001 to 2016 and to calculate potential mortalities along latitudes. Isothermal lines delineated
at 90% mortality were defined as the northern limits. Modeling results suggested that A. lagerstroemiae nymphs
collected in summer could tolerate heat; however, they were more susceptible to cold temperatures. Laboratory
assays suggested that cold tolerance of A. lagerstroemiae nymphs varied from summer to winter. For example,
SCP of nymphs collected in summer was higher than those collected in fall (−21 vs. −27°C), and the exposure time
leading to Lt90 at 0°C was also different, which were 8 versus 50 h comparing nymphs collected in summer versus
fall. Our prediction suggested that A. lagerstroemiae is likely to be limited by cold temperatures along the 43° N
latitude. Based on these results, integrated management strategies can be developed for A. lagerstroemiae within
the predicted range.
Key words: geographical limit, pest management, species distribution modeling, thermal tolerance

Understanding the potential distribution of non-native pest species
in the adventive range is important for developing management
strategies (Simpson et al. 2009). Physiological limits of species due
to environmental factors can be studied under laboratory conditions,
which then can be incorporated into Species Distribution Modeling
(SDMs) (Kearney and Porter 2009, Peterson 2011), e.g., exposing individuals under thermal extremes and/or certain desiccations (Burgi
and Mills 2010, Arnan and Blüthgen 2015). For ectotherms like insects, climatic events with extreme temperatures, such as cold front
and heat waves, could cause mortality and reduced fitness (Chown
and Nicolson 2004, Sinclair et al. 2015), therefore, limiting the colonization and establishment of non-native species in the adventive
range (Sinclair et al. 2003, Bale and Hayward 2010, Gallien et al.
2010). Studying the development and survival under thermal extremes is an initial step to predict non-native species distribution
(Arbogast et al. 1998, Lapointe et al. 2007, Manrique et al. 2012).
Based on the prediction, preventive measures including early detection and rapid response can be developed (Simpson et al. 2009,
Liebhold et al. 2016), and risk analyses can help make pest control
decisions and allocate resources more efficiently (Venette et al. 2010,
Sciarretta and Trematerra 2014, da Silva et al. 2016).

Variables related to overwintering physiology of insects include
Supercooling Point (SCP), Low Lethal Temperature (LLT), Lethal
Time at Low Temperature (Lt) (Andersen et al. 2015), and Upper
Limit of the Cold Injury Zone (ULCIZ) (Nedved et al. 1998).
Detected by thermocouples as latent heat of crystallization (Sinclair
et al. 2015), SCP is the temperature of insect body being spontaneously frozen when cooled below the melting point (Zachariassen
1985). The LLT and Lt are quantitative indicators of insects’ performance under cold temperatures for certain time periods (Kimura
2004, Lapointe et al. 2007), usually determined in cold exposure
experiments as the temperature and time when certain mortality
of the population occurs (Sinclair et al. 2015). Chill-susceptible,
freeze-avoidant, and freeze-tolerant are three main strategies for
insects to overwinter and are defined by survival from chilling temperature and internal ice formation (Salt 1961, Bale and Hayward
2010). The specific strategy can be determined by interpreting the
SCPs and results of cold exposure experiments (Sinclair et al. 2015).
Another important variable is ULCIZ defined as the temperature at which the insect starts accumulating cold injuries (Nedved
et al. 1998). Similar to cold exposures, the influence of heat can
be inferred by insect performance under heat exposures using the
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Materials and Methods
Insect Sources
Acanthococcus lagerstroemiae were collected from infested branches
of crapemyrtles located in Shreveport, LA (32.55°N, 93.78°W) every
other month from July 2015 to June 2016. The diameter of these
branches ranged from 0.4 to 0.8 cm. Upon arrival at the laboratory,

branches with nymphs were immediately placed in a growth chamber with the temperature set at 25°C. All experiments were conducted 2 d after the field collection to ensure insects were alive after
transportation. Because nymphs of A. lagerstroemiae in 2nd and 3rd
instar are difficult to distinguish, a mixture of both was used in all
experiments in this study. All experiments were conducted at the
Department of Entomology at Louisiana State University in Baton
Rouge, LA.

Heat Tolerance
The heat exposure experiments were conducted in July 2015.
The objective of this assay was to determine the heat tolerance of
A. lagerstroemiae. Nymphs were exposed under five different exposure time periods for each of the three constant temperatures, including 5, 12, 24, 36, and 48 h under 40°C; 2, 5, 12, 24, and 36 h under
45°C; and 1, 2, 5, 12, and 24 h under 48°C. Each temperature-time
combination was one treatment, and there were four replicates per
treatment. A single branch segment with at least 20 nymphs was
placed into individual vials. Four vials were randomly assigned to
each treatment and were placed in a paper bag and maintained in
the dark. All paper bags with vials were gradually acclimated at 25,
30, and 35°C with each for 24 h in growth chambers (Series 101,
Percival Scientific, Perry, IA), and then transferred to incubators set
with 40, 45, and 48°C for exposures. After the exposures, paper
bags with vials were placed at room temperature (23–25°C) for 24 h
allowing nymphs to recover. A control treatment was placed at room
temperature until the end of the experiment to account for mortality
caused by factors other than heat. The mortality of A. lagerstroemiae
nymphs on each branch segment was checked by the leg movements
after gently flipping them over using a pin and observed under a
dissecting scope.

Cold Tolerance
The objective of this assay was to assess the cold tolerance of
A. lagerstroemiae using SCP and cold exposure experiments conducted under the cold temperature ranging between 5 and −10°C
with nymphs collected every other month from July 2015 to June
2016 (Supp. Table 1). The SCPs of A. lagerstroemiae were estimated
using surface-contact thermometry (Sinclair et al. 2015). Second or
third instars of A. lagerstroemiae (>0.8 mm) were gently separated
from the branches using a pin, and attached to the Type J thermocouples (DATAQ Instruments, Akron, OH) using high vacuum
grease (Dow Corning, Midland, MI). Before each SCP measurement,
the living status of nymphs was confirmed with leg movements.
Insect-thermocouple arrangements, placed into 2.0 ml CryoTubes
(Thermo Fisher Scientific, Sugar Land, TX) and fixed with cotton, were inserted into a Mr. Frosty Cryo 1°C freezing container
(Nalgene Thermo Fisher Scientific, Sugar Land, TX). The freezing
container was then placed inside a freezer (HS-129C, Midea, Beijing,
China), with temperature lowered at the rate of 1.0°C /min to −50°C.
Temperatures were recorded by a DI-1000TC-8 isolated thermocouple datalogger (DATAQ Instruments, Akron, OH). The datalogger
transferred data at 5 s intervals into a computer, and data were read
using WinDaq Data Acquisition and Playback Software (DATAQ
Instruments, Akron, OH). To make sure the same starting condition
was met for each test, thermocouples were placed in ice–water mixture and dried with paper towel after each use. Temperature readings
were transformed into Excel 2013 (Microsoft, Redmond, WA) and
viewed as line chart. The SCP was identified as the temperature when
the body started releasing heat, which can be observed as a small
jump on the temperature curve in the line chart (Sinclair et al. 2015).
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temperature- or time-dependent variables (Kimura 2004, Sunday
et al. 2011).
Methods for studying cold tolerance and distributions of ectotherms can be generally classified into two major groups. The first
group uses temperature-dependent variables, including LLT and/
or ULCIZ, to fit the average of minimum temperatures at different time scales ranging from days to years, and use isothermal lines
to delimit geographical limits (Chen and Kang 2005, Cramer and
Maywright 2008, Zhao et al. 2015). The second one uses time-dependent variables such as lethal time under specific temperature to
fit the frequency of days per year under that temperature (Matsuura
and Naito 1997, Lapointe et al. 2007, Takano et al. 2012). However,
performance of ectotherms at low temperatures is affected by the
cumulative effects of both temperatures and sustained time periods
at those temperatures, and has been modeled under constant temperatures (Nedved et al. 1998) and fluctuating temperatures (Colinet
et al. 2011). Currently, there is not a method modeling both temperatures and sustained time periods for the prediction of geographical
limits of insects.
Native to Asia, the crapemyrtle bark scale, Acanthococcus
lagerstroemiae (Kuwana) is a non-native insect pest on crapemyrtles, Lagerstroemia spp. L. (Myrtales: Lythraceae). Acanthococcus
lagerstroemiae is a scale pest which is sessile on its host plant for
most of its life cycle (Wang et al. 2016). Heavy infestations of
A. lagerstroemiae cause branch dieback and accumulation of sooty
mold, thus significantly reduce the aesthetic value of crapemyrtles
(Wang et al. 2016). Since its first report in Texas, United States
in 2004 (Merchant et al. 2014), A. lagerstroemiae has spread to
Alabama, Arkansas, Georgia, Louisiana, Mississippi, New Mexico,
North Carolina, Oklahoma, Tennessee, and Virginia (EDDMapS
2018). Nymph is the main overwintering and motile stage for
A. lagerstroemiae in the United States and in the winter, nymphs stay
on the bark of the plant (Wang et al. 2016). In addition to crapemyrtles, A. lagerstroemiae has attacked other plants of ecological and
economic importance (Wang et al. 2016). Due to its rapid spread and
potential impact to other crops, there is a critical need to determine
the northern and southern limits of this pest in the United States. By
assessing the mortality of A. lagerstroemiae at a set of high and low
temperatures, its potential distribution in the United States can be
predicted and used for risk analyses and the development of integrated management strategies.
The goal of this study was to understand the thermal tolerance of
A. lagerstroemiae and predict its current potential distribution in the
United States. The specific objectives were 1) to assess the thermal
tolerance of A. lagerstroemiae using SCP and cold and heat exposure
experiments and 2) to develop a system for predicting the northern
limit of A. lagerstroemiae in the United States. Since A. lagerstroemiae was found with high heat tolerance, only mortalities at low
temperatures were used to build models for predicting the potential
distribution of A. lagerstroemiae via fitting historical temperature
data of winter cold fronts in the United States. Preventive measures
for controlling A. lagerstroemiae are then discussed based on its
thermal tolerance and potential distribution.
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cross-validation (where K is the number of subsets of original data)
was used to validate the predictive ability of these two models, which
training models in K-1 subsets and then comparing with the rest
of subset (Shtatland et al. 2004). K = 10 was chosen for the model
validation considering the optimum fold number and our sample
size (Nadeau and Bengio 2003, Witten and Frank 2005). C-statistics,
specifically, the receiver operating characteristic (ROC) curve and the
area under the ROC curve (AUC), was used to evaluate the predictive
accuracy of logistic regression models (Austin and Steyerberg 2012,
Harrell Jr 2015). The ROC curve illustrates the model performance
for prediction by comparing values predicted from models with the
sampled values and plotting the true positive rate (TPR) against the
false positive rate (FPR) at various threshold settings (Austin and
Steyerberg 2012). The AUC can be calculated as quantitative indicators of the model’s predictive power (Austin and Steyerberg 2012),
which was calculated using trapezoid rules and reported as mean
and 95% CI in this study. To select a better model for distribution
prediction, the goodness-of-fit, and predictive power were taken into
considerations (Johnson and Omland 2004), as well as the simplicity
and biological meanings of parameters.

Distribution Prediction
Data Analyses
For each temperature treatment in cold or heat exposure experiments, mortality of A. lagerstroemiae after each exposure time
period was analyzed using logistic regression (PROC LOGISTICS,
SAS Institute 2016). No mortality was found in control treatment,
therefore, no adjustment was made to heat or cold treatments. Lt50
and Lt90 for all temperatures were estimated using logistic models,
as well as corresponding 95% CIs. Because the Shapiro–Wilk test
suggested that the distribution of SCPs of A. lagerstroemiae was not
normal (P < 0.0001), the Kruskal–Wallis (KW) Analysis of Variance
was used to compare the SCPs among sampling dates (PROC
NPAR1WAY, SAS version 9.4, SAS Institute 2016, Cary, NC) and
post hoc analyses were then conducted if significant differences were
found (Elliott and Hynan 2011).
To understand the cumulative impacts of cold temperatures and
exposure time periods on A. lagerstroemiae during winter, two models of surface responses were built fitting cold exposure data measured in January 2016 using logistic regression in PROC LOGISTIC
(SAS software Version 9.4, SAS Institute Inc.). In the first model,
the linear and quadratic terms of temperatures, exposure time periods, and their interactions were tested with multisource logistic
regression and stepwise selection, both of which had entry and stay
thresholds set at 0.15 (Harrell Jr. 2015). Following the equation proposed by Nedved et al. (1998), the second model was pre-specified
only with the linear term of exposure time period and interactions
between temperatures and exposure time periods. The model was
then transformed to the format below;
ea+bt(T−c)
(1)
S (T, t) =
1 + ea+bt(T−c)

where, T is exposure temperature (°C), t is the time of exposure (h),
S(T, t) is the survival percent (0–100%) after exposure to T°C for t
h, and a, b, and c are estimated parameters. In this equation, parameter c was interpreted as ULCIZ, and a/b as the ratio describing the
exposure time-temperature relationship in cold injury (Nedved et al.
1998).
The goodness-of-fit of the two models were compared using
the Akaike information criterion (AIC) and likelihood ratio test
(Agresti and Kateri 2011). Because of the predictive purpose, K-fold

The objective of this analysis was to predict the northern limit of
A. lagerstroemiae in the United States using mortality estimated by
fitting selected model to historical temperature data of cold fronts
in 750 climatic stations from 2000 to 2016 (Supp. Fig. 1). Since the
heat exposure experiments suggested that A. lagerstroemiae has
high heat tolerance, only the cold exposure data was used for the
distribution prediction. Considering the overwintering strategy of
A. lagerstroemiae is chill-susceptible, the modeling was based on
mortalities of nymphs collected in January 2016 in cold exposure
experiments.
This prediction procedure included three steps. The raw temperature data of 1-min resolution that downloaded from National
Oceanic and Atmosphere Administration (NOAA) (ftp://ftp.ncdc.
noaa.gov/pub/data/asos-onemin/) were first cleaned by deleting
invalid data. Air temperature data of three coldest fronts for each
year were then extracted, each extraction containing temperature data with duration for 24 h. The mortality of each cold front
was then calculated by fitting temperature data of each extracted
cold front to the selected model. To account for the assumption
of constant temperatures used in cold exposure experiments and
modeling, continuous temperature data from each cold front were
transformed by calculating combinations of constant temperatures
and sustained periods of time for all temperatures lower than the
constant temperature. After fitting all combinations of temperature
and sustained periods into the selected model, maximum mortality
in each cold front was used to represent the mortality caused by such
cold front. Mortalities caused by all cold fronts from 2000 to 2016
were extracted, sorted by weather station, and reported as median
± median absolute deviation (MAD) (Hampel 1974). Operations
in these two steps were conducted using Python programming language (Python Software Foundation, https://www.python.org/) and
visual basic for applications (VBA) in Excel 2013 (Microsoft Corp.,
Redmond, WA).
The last step was to map the northern limit of A. lagerstroemiae using predicted mortality of climatic stations using ArcGIS
Software (ESRI 2011, Redlands, CA). The inverse distance weighed
(IDW) interpolation in spatial analyst function was used to generate weighed averages from locations of known mortalities and then
used to predict the mortality of A. lagerstroemiae on the U.S. map
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The SCPs of at least 20 A. lagerstroemiae nymphs were measured
every other month from July 2015 to June 2016.
Vials containing branch segments infested with A. lagerstroemiae
nymphs were put in paper bags, gradually acclimated at 25, 20, and
15°C for 24 h, and exposed to 5, 0, and −5°C in incubators and
refrigerated bath circulator (A28, Thermo Fisher Scientific, Sugar
Land, TX). To understand the cold tolerance of A. lagerstroemiae
nymphs, different exposure time periods were used (Supp. Table 1).
Because the winter population was hypothesized to have the greatest
cold tolerance, four more low temperatures (−10, −7.5, −2.5, and
2.5°C) were added to the treatments applied to samples collected
in January 2016, with each having five different exposure time periods (Supp. Table 1). For all thermal exposure experiments, temperatures inside incubators and the refrigerated bath circulator were
confirmed using external Lascar data loggers (EL-USB-2, DATAQ
Instruments, Akron, OH) and HOBO data loggers (Pendant Temp/
Light,8K, Onset, Bourne, MA). After the exposures, paper bags with
branches were placed under room temperatures for 24 h, allowing
nymphs to recover. The mortality of A. lagerstroemiae nymphs on
each branch segment was recorded using the same method described
previously.
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(Childs 2004). The generated raster was classified as four ranges of
mortality including 0–50, 50–75, 75–90, and 90–100%. The line
of 90% mortality was chosen as the northern distribution limit of
A. lagerstroemiae in the United States, and upper and lower thresholds of this northern limit were determined using MAD. Details
of the predictive procedure were further described in the Supp.
Material.

Results
Heat Tolerance

Fig. 1. Mortality of Acanthococcus lagerstroemiae nymphs collected in
July 2015 after various exposure time periods at 40, 45, and 48°C. Lines are
expected values from the logistic regressions, symbols are observed values,
and bars are standard errors.

Cold Tolerance
There was a significant difference in the SCPs of A. lagerstroemiae
nymphs among all sampling dates (χ2(5) = 66.6, P < 0.0001), with
mean rank scores of 120.4, 67.9, 51.8, 27.2, 80.8, and 70.4 for every
other month from July 2015 to June 2016, respectively. Post hoc
comparisons suggested that the SCPs of A. lagerstroemiae nymphs
reduced from July 2015 to January 2016, and then increased in May
2016 (Fig. 2).
The mortality of A. lagerstroemiae nymphs increased at lower
temperatures and longer exposure time periods for all sampling
dates, and the logistic models were able to describe the relationships
between mortality and exposure time periods at treatment temperatures (Table 1). Among sampling dates, A. lagerstroemiae nymphs
collected in winter survived better than those collected in summer
when exposed to the same temperatures (Table 1). For example, Lt90
at 0°C was 50 h for nymphs collected in the winter (January 2016),
but only 8 h for those collected in the summer (July 2015) (Table 1,
Fig. 3).
To describe the accumulative effects of cold temperatures and
sustained time period to the winter population of A. lagerstroemiae
nymphs, two models were built and compared (Table 2, Fig. 4). In
the first model, the stepwise selection procedure removed the quadratic terms of the temperature and time (Table 2, Model 1). In the
second model, only the linear term of time and the interaction were
included (Table 2, Model 2). Model 1 had better goodness-of-fit
than Model 2 due to the lower AIC value (Table 2) and a significant likelihood ratio test (χ2(1) = 144.4, P < 0.0001). Compared with
Model 2, Model 1 fits the experimental data better at temperatures

Table 1. Lethal time required to kill 50% or 90% (Lt50 or Lt90) of Acanthococcus lagerstroemiae nymphs exposed to various heat and cold
temperatures
Experiments
July 2015

September 2015

November 2015

January 2016

March 2016

May 2016

a

Temperature (°C)

Number of observations

Slope ± SE

Lt50 (h) (95% CI)

Lt90 (h) (95% CI)

χ2

40
45
48
5
0
−5
5
0
−5
5
0
−5
5
2.5
0
−2.5
−5
−7.5
−10
5
0
−5
5
0
−5

1,443
1,117
1,129
489
467
458
301
744
385
874
640
1,000
618
766
730
769
758
723
550
950
1,037
840
959
1,111
1,468

0.1 (0.004)
0.3 (0.02)
2.8 (0.2)
0.2 (0.02)
0.3 (0.04)
1.6 (0.2)
0.1 (0.01)
0.1 (0.02)
0.9 (0.2)
0.1 (0.01)
0.1 (0.01)
0.1 (0.03)
0.1 (0.01)
0.1 (0.01)
0.1 (0.01)
0.1 (0.01)
0.1 (0.02)
0.3 (0.04)
0.6 (0.1)
0.1 (0.01)
0.1 (0.01)
0.1 (0.01)
0.1 (0.01)
0.1 (0.01)
0.2 (0.01)

37.2 (35.0–39.6)
8.7 (8.0–9.4)
1.3 (1.2–1.4)
5.0 (3.6–6.4)
NAa
NA
11.1 (7.9–14.0)
4.2 (2.2–5.6)
NA
29.6 (27.0–32.7)
12.6 (10.7–14.4)
3.0 (1. 8–3.9)
41.8 (38.9–44.6)
32.5 (29.5–36.3)
22.1 (20.0–24.6)
18.0 (16.0–20.4)
9.3 (8.1–10.9)
3.8 (3.3–4.5)
3.2 (2.8–3.6)
33.8 (31.2–36.7)
18.4 (16.0–20.9)
3.1 (1.3–4.5)
24.3 (21.8–26.6)
12.3 (10.0–14.2)
4.5 (3.5–5.3)

73.2 (68.0–79.5)
16.4 (15.1–18.0)
2.1 (2.0–2.3)
19.1 (16.1–23.8)
8.6 (6.8–12.0)
1.9 (1.6–2.3)
35.6 (30.0–45.0)
22.7 (19.4–28.0)
2.1 (1.7–2.9)
63.5 (56.8–72.9)
35.8 (31.8–41.4)
18.7 (15.3–28.8)
76.8 (70.6–85.7)
71.8 (63.2–84.7)
50.1 (44.6–58.1)
44.7 (38.8–53.6)
25.4 (21.4–32.0)
10.8 (9.2–13.4)
7.0 (6.1–8.3)
73.4 (66.4–83.1)
58.7 (51.7–68.9)
23.2 (19.8–28.4)
61.3 (55.5–69.5)
41.6 (37.8–46.7)
18.5 (16.9–20.7)

338.8
696.3
894.8
177.2
57.2
111.0
69.8
72.1
43.6
147.2
131.2
28.9
130.5
102.7
119.6
89.0
71.1
85.4
112.0
147.7
112.3
95.5
134.9
140.2
244.8

NA, the lethal time was too short to obtain a value.
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Mortality of A. lagerstroemiae nymphs increased as heat temperatures increased and exposure time periods increased (Fig. 1). Lt50

under 40, 45, and 48°C were 37.2, 8.7, and 1.3 h, and Lt90 were
73.2, 16.4, and 2.1 h, respectively (Table 1).
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2.5 and 5°C, but is biased when the exposure time period is 0 h
(Fig. 4). Despite the two models are different in the goodness-offit, they have statistically same AUC, indicating similar predictive
power (Table 2). Considering the simplicity and biological meaning
of estimated parameters, Model 2 was chosen to represent the cumulative impacts of low temperatures and sustained time periods on
A. lagerstroemiae nymphs. Therefore, Model 2 was used to predict
the northern limit of A. lagerstroemiae. The equation for Model 2 is
presented below, where ULCIZ for A. lagerstroemiae is determined
to be 8.5°C and the ratio describing the exposure time-temperature
relationship in cold injury is 161.

Potential distributions
Mortality of A. lagerstroemiae nymphs increased latitudinally in
the United States as predicted by historical cold fronts (Fig. 5). All

Fig. 2. Box plot of SCPs (°C) of Acanthococcus lagerstroemiae nymphs
measured every other month from July 2015 to June 2016. The lines within
each box plot corresponds to the median value, the box length to the
interquartile range, and the lines emanating from the box (whiskers) extend
to the smallest and largest observations. Dates sharing different letters are
significantly different.

Fig. 3. Mortality of Acanthococcus lagerstroemiae nymphs at 5, 0, and −5°C
evaluated in July 2015 and January 2016. Lines are expected values from
the logistic regressions, symbols are observed values, and bars are standard
errors.

known infestations of A. lagerstroemiae are limited up to north
Oklahoma, Arkansas, and Tennessee within the range <75% mortality (or the latitude lower about 38° N). The solid and dashed lines
on Fig. 5 indicate the northern limit of A. lagerstroemiae with upper
and lower thresholds, predicting 90% mortality caused by the cold
fronts along the latitude of about 43° N.

Discussion
In this study, the thermal tolerance of A. lagerstroemiae nymphs collected in the United States was assessed, and a system for predicting
its potential distribution was developed. Based on our results of the
potential distribution of A. lagerstroemiae would be limited by cold
temperatures, and probably would not be limited by warm temperatures. During the winter months, the cold tolerance of A. lagerstroemiae becomes greater compared with individuals collected in the
summer. Based on predictive models developed from this study, the
potential northern limit of A. lagerstroemiae is about 43° N which
overlaps with the cold hardiness zone map of crapemyrtles (Chappell
et al. 2012).
Acanthococcus lagerstroemiae has high heat tolerance and is able
to survive with the Lt50 being 8.7 h under 45°C and 1.3 h under 48°C
in the laboratory condition. Though the highest historical temperature in Louisiana can get about 46°C (http://www.losc.lsu.edu), this
has not occurred for 8 h or longer. Therefore, the extreme hot days in
the summer would not cause high mortality of A. lagerstroemiae and
consequently affect its population growth. Few studies have been
conducted to measure the heat tolerance of scale insects, and a wide
range of heat tolerance is reported. For example, 50% of nymphs
of California red scale, Aonidiella aurantii (Mask.) (Hemiptera:
Diaspididae) survived at 47–48°C (Abdelrahman 1974). Forty-two
percent of mixed stages of San Jose scale, Quadraspidiotus perniciosus Comstock (Hemiptera: Diaspididae) survived at 46°C for
5 h (Lurie et al. 1998). In contrast, low heat tolerance was reported
for mango mealy bug, Drosicha mangiferae Stebbins (Hemiptera:
Margarodidae) (Nandi and Chakraborty 2015), with 100% mortality when exposing for 1.5 h under 40°C. For invasive scales with
high heat tolerance, including A. lagerstroemiae, we can speculate
that warmer temperatures could benefit the population growth due
to stressed host plants (Dale and Frank 2014b) and negative effects
to the natural enemies (Dale and Frank 2014a).
Cold temperatures are more important than heat in delimiting
the potential distribution for A. lagerstroemiae, which is in accordance to other scale species in temperate areas (Abdelrahman 1974,
Chong et al. 2008, Preisser et al. 2008, de la Vega and Schilman
2018). In the winter, the SCP of A. lagerstroemiae can get as low
as −27°C. In the present study, we can combine SCPs with results
from the cold exposure experiments to conclude that the overwintering strategy of A. lagerstroemiae is chill-susceptible. According to
Sinclair et al. (2015), chill-susceptible is not a strategy per se; but to
successfully overwinter, A. lagerstroemiae has to avoid freezing or
reduce chilling injuries. To adapt to the cold in the winter, the cold
tolerance of A. lagerstroemiae increased with lower SCPs and higher

Table 2. Summary of two models developed by data of laboratory cold exposure experiments of Acanthococcus lagerstroemiae conducted
in January 2016
Model

Model description

1
2

Survival ~ Temperature + Time + Temperature × Time
Survival ~ Time + Temperature × Time
a

The log-likelihood of the model.

AIC

df

Log-Lika

AUC (95% CI)

821.62
963.99

3
2

−813.62
−957.99

0.70 (0.68–0.72)
0.69 (0.67–0.70)
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∗ ∗

e1.24+0.0077 t (T−8.51)
(2)
S (T, t) =
1 + e1.24+0.0077∗ t∗ (T−8.51)
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Fig. 5. Potential distribution of Acanthococcus lagerstroemiae predicted by the nymphal mortality caused by historical cold fronts. Nymphal mortality increased
along higher latitude. The coordinates of survey points were retrieved from Wang et al. 2016. The line of 90% mortality was chosen as the northern distribution
limit of A. lagerstroemiae in the United States, and upper and lower thresholds of this northern limit were determined using median absolute deviation.

Lts. Similar seasonal variation in cold tolerance was reported for
the pine armored scale, Hemiberlesia pitysophila Takagi (Hemiptera:
Diaspididae) (Zhang et al. 2009). This enhanced cold tolerance in
the winter can help A. lagerstroemiae overwinter in most areas
(lower than the latitude of 43°N) where the crapemyrtles are planted
(USDA plant hardiness zone 6).
To predict the potential distribution of A. lagerstroemiae, the
incorporation of both temperature- and time-dependent variables
is able to compensate the shortages for methods only using either
of the two variables. For example, Zhao et al. (2015) determined
the northern limits by directly comparing the temperature thresholds, including ULCIZ and SCP, with the historical average low
temperature in the winter. This prediction could be overestimated

by neglecting mortality caused by cold fronts, which could be a
major mortality source during winter. On the other hand, the modeling using time-dependent variables usually requires a pre-specified
temperature to determine the probability of mortality or survival.
For example, the frequency of days per year that the daily averaged temperature reaching pre-specified value (Lapointe et al. 2007)
was used to estimate the potential mortality; however, the prediction may change according to different pre-specified temperatures.
When modeling both variables, the criteria of model selection is important. Although the model 1 was found better fitting the experimental data than the model 2, we decided to choose the model 2 for
its equal predictive power and biological meanings of the parameters. The model 2 was initially proposed in Nedved et al. (1998)
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Fig. 4. Percentage survival of Acanthococcus lagerstroemiae nymphs in response to cold temperatures (°C) and exposure periods (h) evaluated in January 2016
using Model 1 (left) and Model 2 (right). Model 1 represents the logistic responses of the survival of nymphs to exposure temperature, exposure time, and their
interactions, while Model 2 represents the logistic responses of the survival of nymphs to only exposure time and the interaction between temperature and
exposure time. Points are observed values and bars are standard errors.
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online.
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